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Novel lignin is formed in a mutant loblolly pine (Pinus taeda L.) severely depleted in
cinnamyl alcohol dehydrogenase (E.C. 1.1.1.195) which converts coniferaldehyde to
coniferyl alcohol, the primary lignin precursor in pines. Dihydroconiferyl alcohol, a
monomer not normally associated with the lignin biosynthetic pathway, is the major
component of the mutant’s lignin, accounting for ~30% (vs. ~3% in normal pine) of the
units. The level of aldehydes, including new 2-methoxybenzaldehydes, is also elevated.
The mutant pines grew normally indicating that, even within a species, extensive
variations in lignin composition need not disrupt lignin’s essential functions.

genes also lead to brown midrib pheno-
types, but the products of these genes re-
main unknown. A mutation in the gene
encoding ferulate-5-hydroxylase has been
identified in Arabidopsis thalianabut it
does not resultin a brown midrib phenotype
(15). No lignin mutants have been previ-
ously identified in woody plants.

CAD catalyses the last step of the lig-
nin precursor biosynthetic pathway (Figure
1), reduction of hydroxycinnamaldehydes
to hydroxycinnamyl alcoholg (the con-
ventional lignin monomers or monolignols)
(16). A reduction in CAD activity might
lead to accumulation of hydroxy-
cinnamaldehyded which could copoly-
merize with normal lignin monomers.
Transgenic plants, suppressed in the syn-
thesis of CAD (9, 17) sometimes have red-

Lignins are complex phenolic plant polythe lignin biosynthetic pathway (10). Inbrown xylem tissue, resembling that of grass
mers essential for mechanical support, dexaize Zea maypand related grasses, Muprown midrib mutants. Such plants have
fense, and water transport in vascular tefants characterized by a brown midii( jncreased aldehyde levels, although little of
restrial plants (1, 2). They are usually desr bmr) have modified lignin (11). Them the aldehyde may actually be incorporated
rived from three hydroxycinnamyl alcoholphenotype can result from changes affeghto the lignin (9, 17). The molecular basis
precursorga-cin varying proportions, Fig- ing cinnamyl alcohol dehydrogenase (CADjor the color has not been established, but
ure 1. In gymnosperms, for example pingfor examplebm1 of maize) (12, 13), O- higher order polymers of coniferaldehyde

and other conifers, lignin is polymerizednethyltransferase (OMT) (forexampi®3 1p synthesizedn vitro, have a wine red
from only two of the three monomers, of maize) (12, 13), or both CAD and OMTcolor (18).

coumaryl alcohoRa and coniferyl alcohol (for examplebmr6 of sorghum,Sorghum

Here we report that a viable loblolly

2b, with coniferyl alcohol being predomi-bicolor) (14). Mutations in two other maizepine, homozygous for the mutacad-n1

nant (~90%)p-Coumary!l alcohol-derived
subunit levels are elevated in compression H. O
wood which forms during mechanical or
gravitational stress and in wood knots (3).
In woody angiosperms, lignin is derived
from coniferyl alcohoRb and sinapyl alco-
hol 2c in roughly equal proportions. It is
increasingly recognized that precursors an
derivatives of hydroxycinnamyl alcohols 1
also contribute to the lignin structure. For |
example, acetylated monolignols :
(hydroxycinnamyl acetates) have been im- v
plicated in kenaflibiscus cannabinyg4) NG
and woody angiosperms (5), ard

coumarate esters are found in all grasslignins
implicating hydroxycinnamyt-coumarates ., R
as precursors (6, 7). Low levels (~5%) of
cinnamaldehydes and benzaldehydes are 3
found in all isolated lignins and are respon-
sible for the bright crimson staining of lig-
nified tissues by phloroglucinol/HCI (8).
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(“1,2-reduction”)
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Removal of lignin from wood and plant
fibers is the basis of chemical pulping to

produce diverse pulp and paper productBigure 1. Some precursorsand productsinvolved
Genetic engineering of the lignin biosynin the lignin biosynthetic pathway. The normal
thetic pathway to lower lignin concentralignin monomers are the p-hydroxycinnamyl
tion or construct lignins more amenable 'gﬁ(’gg's 2c;jp-_coum|ar}/| ar'fcl’hzo' Zé' C‘_’f“'felré" ﬁ'cé"

: : : o and sinapyl alcohol 2c. Coniferaldehyde
extraction is an active area of Cu.rrem r b is normally reduced regioselectively to pro-
searc_h (9)..I-.|owever, several r.nUtatlons ha\ﬁﬁce coniferyl alcohol 2b. When CAD activity is
beenidentified and characterized that affegipressed, coniferaldehyde 2b accumulates and
could polymerize or co-polymerize into lignin.
Dihydroconiferyl alcohol 4b, observed previously
only as a minor component of softwood lignins, is
presumed to derive from coniferaldehyde 1b viaa
1,4- followed by a 1,2-reduction. However, no
mechanism for this conversion has been reported.
p-Coumaryl alcohol 2a is readily derived from its
aldehyde 1a in the mutant, implying that different
CAD enzymesareinvolvedforla- 2avs.1b - 2b.
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allele (19), incorporates novel monomers
into its lignin in response to a CAD defi-
ciency. The lignin structural changes were
extensive and not predicted by the current
view of the lignin biosynthetic pathway.
The wood of this mutant is brown-red (Fig-
ure 2), similar to the color of the xylem in
brown midribmutants (11) and transgenic
plants suppressed in lignin biosynthetic en-
zyme activity (9, 17). Thead-nlallele is
inherited as a Mendelian recessive gene that
maps to the same genomic region as#te
locus. Thecad-nlallele was identified in a
well characterized loblolly pine heterozy-
gous genotype (clone 7-56). In homozy-
gouscad-nlplants, CAD activity is 1% or
less of wild type, and relative abundance of
cadmRNA transcript is greatly decreased.
In mutant plants, free coniferaldehyile

Figure 2. Left: Wood chips from normal wood
and a homozygous mutant with reduced CAD
activity showing the brown wood phenotype. The
mutant wood was obtained from a field test con-
taining progeny from a cross between two half sib
loblolly pines each heterozygous for the mutant
cad gene. Right: Immediately after debarking, 2-
year old trees. The cad-nl1 mutant is readily
identified by the red-brown color of its wood.



Table 1. Estimates of subunit compositions (from quantitative 13C-NMR and DFRC-method  CAD enzyme activity is reduced 4 % of
data) of the normal and mutant pine isolated lignins. 2a = p-coumaryl alcohol units; 2b = wild type (19). If the biochemical reduction
coniferyl alcohol units; 1 = cinnamaldehyde units (p-hydroxycinnamaldehyde and js not totally regioselective, the small
coniferaldehyde units are notdistinguished); 3 =benzaldehyde units (p-hydroxybenzaldehyde  amounts of4b producing the dihydro-
and vanillin units are not distinguished); * aldehydes at ~188 ppm in 13C-NMR spectra are coniferyl units8 seen in normal pine lignins
identified as 2-methoxybenzaldehydes 6 (22) from unknown sources — the other substitu- could be explained but this rationale would
ents on the aromatic ring are unknown; 4b = dihydroconiferyl alcohol (+ traces of dihydro- p

p-coumaryl alcohol 4a), the major component of the cad-n1 mutant lignin. not allow production o#tb in such major
proportions without a significant shift in
Lignin 1 2a 2b 3 4b * enzyme activity or without enhanced activ-
ity of an alternate enzyme. At least one new
cad-nil-mutant 15 10 15 15 30 15 enzyme would be required to explain these
cad-normal 7 10 73 7 3 trace results. It is also possible that conifer-

aldehyde is not the precursor to dihydro-
coniferyl alcohol, and that its synthesis is
(the CAD substrate) accumulates to a highom impure monomers. The best syntheseg-regulated from other sources in the plant.
level. Unlike transgenic plants suppresseaf hydroxycinnamyl alcohol2 (25) from The amount of subunits derived from
in CAD, cad-n1mutant seedlings have dehydroxycinnamate esters or hydroxyp-coumaryl alcohol2a in the mutant is
creased lignin content (19). cinnamaldehyded, still produce small unchanged (Table 1), while the amount of
Milled wood lignins (20) were isolatedamounts of 1,4-reduction produdtsPuri- coniferyl alcohol subunitgb is greatly re-
for NMR analysis from the wood of a 1Zication of coniferyl alcohol is difficult be- duced (29). These results imply that the
year old CAD-deficient mutant and a noreause dihydroconiferyl alcohol co-formation ofp-coumarylalcoha?autilizes
mal sibling from the same cross (Figure 2¢rystalizes with it. A synthetic lignin pre-anindependent mechanism such as an addi-
An estimate of the subunit composition opared (26) from coniferyl alcoh@b con- tional enzyme with “1,2-reductase activity”
this unusual lignin fraction, based on quartaining a few percent dihydroconiferyl al-specific forp-hydroxycinnamaldehydga.
titative NMR and other analytical data, i<ohol4b provides a convenient model fofFurthermore, few dihydrp-coumaryl al-
given in Table 1. the lignin in the pine mutant. Its HMQC-cohol4aunits were detected (29). The 1,4-
NMR spectra show that both conifeTOCSY spectrum (Figure 4c) shows theeductase activity proposed for the forma-
raldehydes and vanillin7 (21) endgroups same dihydroconiferyl alcohol sidechairtion of dihydroconiferyl alcohol is therefore
are present in the lignin of the pine mutargignals as in the pine lignins. A paralleéqually specific for coniferaldehydéb.
as may be expected from the suppressionlmtween the lignins isolated from the mu-  Incorporation of novel monomers into
CAD. Wood from the mutant also had a@anttree and hydride reduction product sytignin is inconsistent with the high level of
higher extractable aldehydes content (1Qhetic ligninsis apparent. A small amount océnzymatic specificity recently extended to
The HMQC-TOCSY spectrum reveals thé¢he initial dihydroconiferyl alcohol homo- lignin formation from observations of speci-
sidechain coupling network with protons 7¢coupling produc8c (orange) is seen in theficity in lignan biosynthesis (30). Indepen-
8, and 9 correlating with the aldehyde caspectrum of the synthetic lignin (Figure 4cjlence from rigid enzymatic control is fur-
bonyl carbon, C-9 irb and the simple 1- — the saturated compound is quickly anther supported by other examples of incor-
bond correlation between C-7 and H-7in efficiently polymerized via radical pro-poration of non-traditional monomers into
(Figure 3). However, such components aesses. Normal softwood lignins contaitignins: (i) ferulates and diferulates actively
also present in milled wood lignins fromsmall amounts of dihydroconiferyl alcohoincorporate into lignins of grasses, effecting
normal loblolly pine (Figure 3). From quan-units (Figure 4b). The source of these subignificant lignin-polysaccharide cross-link-
titative NMR, these aldehydes each accounhits is unknown. Although dihydr-ing (31); (ii) acylated monomers are impli-
for ~15% of mutant lignin units and ~7% inoconiferyl alcohol and its glucoside haveated in a variety of species (4-7); (iii) 5-
the normal pine lignin (Table 1). More strik-been found in young plant tissues includinigydroxyconiferyl alcohoRd derived sub-
ing are 2-methoxybenzaldehyde compgine (27), and may function as growth faa4nits are readily assimilated into a lignin
nentss (22), the peaks at ~188 ppm, that atters (28), they are not considered part of thgolymer in OMT-deficient plants that have
greatly enhanced in the mutant (Figure 3jormal lignin biosynthetic pathway. areduced ability to produce sinapyl alcohol
The source of these previously unreported CAD normally effects a regioselective(32).
2-methoxybenzaldehydes in lignins is un*l,2-reduction” (at C-9) of coniferaldehyde = Well characterized differences in lig-
known. Lignins from both the normal andlb to produce coniferyl alcohd@b. Our nin subunit composition have long been
mutant trees contained higher than normegsults suggest that the loss of CAD activitgnown between major taxonomic groups of
concentrations gi-coumaryl alcohol units activates or upregulates pathways based bigher of plants, for example between lignins
due to the preponderance of knots. “1-4 reduction” (at C-7) and subsequenfhardwood and softwood trees (33). How-
Dihydroconiferyl alcohol unit8 are 1,2-reduction during lignin formation toever, the narrow range of variation in lignin
present and predominant. The HMQCproduce the dihydroconiferyl alcohol monoeompositions within groups (10) has sug-
TOCSY experiment (23) (Figure 4) identimer4b (Figure 1). Analogously, syntheticgested structural constraints imposed for
fied the coupling network for the aryl propreparation of coniferyl alcohol versusascular function and support. The ability
panol sidechain (red and orange contourd)hydroconiferyl alcohol can be selected bgf this pine mutant to produce a functional
that are consistent with model compounldydride reactions with 1,2ss 1,4-regio- lignin polymer from unexpected subunits
data (24). Produc®a,b (red) representing chemistry, Figure 1 (25). An alternativeextends the limit of “metabolic plasticity”
hetero-coupling of dihydroconiferyl alco-possibility is that a small structural changéor the formation of lignin, within an indi-
hol with a conventional lignin monomer/in the enzyme (for example, a disulfidevidual species. Concepts of lignin function
oligomer as well as dibenzodioxociBs bridge) affecting the active site of the CAbased on the previous range of lignin com-
(orange) from initial 5-5-homo-coupling ofenzyme might be enough to provide thpositions must now be reexamined in view
dihydroconiferyl alcohol monomers aréhydride” equivalent to the 7-carbon siteof the unusual structure and composition of
present in roughly equal amounts reinforcFhis possibility is unlikely and an alternadignin in this mutant pine. A greater under-
ing the claim that dihydroconiferyl alcoholtive enzymatic activity is probably requiredstanding of these processes should increase
is a major monomer during lignification. because the relative abundance of steadyr opportunities to modify lignin content
Dihydroconiferyl alcohol products arestatecad mRNA transcripts is greatly de-or composition through genetic engineer-
seen in synthetic lignins that are preparemteased in the mutant and the amount ofg.
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Figure 3. Aldehyde carbonyl group correlations
from the HMQC-TOCSY (23) spectrum of lignin
from the cad-n1 mutant plant showing the pres-
ence of cinnamaldehyde (with correlations to the
three sidechain protons) and benzaldehyde (single
correlations) units in the lignin. The normal pine
lignin carbon section is shown to the left. The 13C-
spectra shown on projections to the left of the
figure are normalized to the same methoxyl level;
cinnamaldehyde 7 and benzaldehyde 5 signals
are approximately twice as abundant in the mu-
tant. The higher field aldehydes dramatically in-
creased inthe mutanthave now beenidentified as
2-methoxybenzaldehydes 6 (22); their source is
unknown.
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Figure 4. Regions of the HMQC-TOCSY spectra (23) of milled wood lignins from a) the pine
cad-nl mutant, b) from a cad-normal wood, and c) from a synthetic lignin (26). Structure assignments
are most easily seen in spectrum 4c from the synthetic lignin which derived from coniferyl alcohol 2b
containing ~2% dihydroconiferyl alcohol 4b (26). Although synthetic lignins of this type have quite
different substructure ratios from plant lignins, they contain all of the structural units and are valuable
for spectral assignment. Thus in Figure 4c, B-aryl ether units 10, a,B-diaryl ethers 11 (scarce in plant
lignins), phenylcoumarans 12, and resinols 13 are readily identified, along with coniferyl alcohol
endgroups 9, and the dihydroconiferyl alcohol units 8 (and the aldehyde units 5 and 7 in Figure 3). Red
and orange colored contours show the unambiguously identified components 8 arising from
dihydroconiferyl alcohol monomers 4. NMR provides a convenient distinction between products of
hetero-coupling of 4 with conventional lignin monomers/oligomers to give 8a,b (red) and those from
initial 5-5-homo-coupling of dihydroconiferyl alcohol monomers to give 8c (orange). Both are equally
represented in the cad-n1 mutant, whereas the normal pine has only the higher field component, and
the synthetic lignin has a trace of the lower field component. NMR data from cross-coupled dimeric
models for 4-O-B structures 8a and 5-f3/4-O-a (phenylcoumaran) structures 8b and the dibenzodioxocin
8c coincide with the lignin data observed here (24). In the CAD mutant, dihydroconiferyl units are
dominant, displacing much of the intensity from the normal coniferyl alcohol-derived region. Some of
the minor units can be seen in the pine samples when looking at lower contour levels (not shown). The
normally predominant pB-aryl ether (blue) and phenylcoumaran (green) components, Figure 4b, are
severely reduced in the cad-n1 mutant, with only some [3-ether peaks being observable at comparable
contour levels — these may also arise from p-coumaryl alcohol (in addition to coniferyl alcohol). Grey
contours are from intense methoxyl signals, carbohydrate impurities, and other lignin structures not
discussed in this paper.
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